The incorporation of 3H-labeled thymidine triphosphate (3H-dTTP) into deoxyribonucleic acid (DNA) of germinated and then Brij 58-treated Bacillus subtilis spores was measured to study DNA replication activity of cells. The dTTP incorporation rate was very low in dormant spores, gradually increased as germination proceeded, and reached a level of the vegetative cell activity approximately 4 hr after the start of germination. This is in contrast to the DNA polymerase activity in the cell extract which remained at the same level throughout the germination period. The increase of the dTTP incorporation activity was inhibited by chloramphenicol or phenethyl alcohol. When these inhibitors were added after germination had proceeded, the elevated dTTP incorporation activity gradually decreased. Permeability to dTTP of spores germinated in the presence of chloramphenicol and then treated with Brij 58 was confirmed by (i) 'H-dTTP incorporation into the treated spores following either electron or ultraviolet irradiation and (ii) release of radioactivity from the treated spores containing radioactively labeled DNA after deoxyribonuclease I treatment.
The incorporation of 3H-labeled thymidine triphosphate (3H-dTTP) into deoxyribonucleic acid (DNA) of germinated and then Brij 58-treated Bacillus subtilis spores was measured to study DNA replication activity of cells. The dTTP incorporation rate was very low in dormant spores, gradually increased as germination proceeded, and reached a level of the vegetative cell activity approximately 4 hr after the start of germination. This is in contrast to the DNA polymerase activity in the cell extract which remained at the same level throughout the germination period. The increase of the dTTP incorporation activity was inhibited by chloramphenicol or phenethyl alcohol. When these inhibitors were added after germination had proceeded, the elevated dTTP incorporation activity gradually decreased. Permeability to dTTP of spores germinated in the presence of chloramphenicol and then treated with Brij 58 was confirmed by (i) 'H-dTTP incorporation into the treated spores following either electron or ultraviolet irradiation and (ii) release of radioactivity from the treated spores containing radioactively labeled DNA after deoxyribonuclease I treatment.
Several attempts have been made to isolate the deoxyribonucleic acid (DNA) replication complex while maintaining its integrity. On the hypothesis that this complex involves the cell membrane, attempts have been directed to isolate the membrane fraction capable of synthesizing DNA (6, 9) . In another approach, cells were treated with toluene (13) , nonionic detergent Brij 58 (7) , or freezing temperature (2) to make cells permeable to deoxynVcleoside 5 '-triphosphate (dXTP), and the incorporation of dXTP into acid-insoluble material was measured in vivo. DNA thus formed in Bacillus subtilis cells treated with Brij 58 (7) or toluene (12) was claimed to be biologically active as measured by transforming activity, and to be sequentially synthesized according to the order of the gene map.
During germination of B. subtilis spores, successive commencement of ribonucleic acid (RNA), protein, and DNA synthesis is observed (20) . This germination system provides a useful tool in studying the mechanism of DNA synthesis. In the previous investigation (19) , the activity of DNA polymerase (EC 2.7.7.7) was found to exist in extracts of dormant spores. In the present investigation using spores germinated up to various stages and then treated with Brij 58, we observed an increasing rate of 8H-labeled thymidine triphosphate ('H-dTTP) incorporation into DNA. This increase is in clear contrast with the constant level of DNA polymerase activity which is observed and is discussed in relation with the DNA replication activity of the germinating spores.
MATERIALS AND METHODS
Bacterial strain. The auxotrophic bacterial strain of B. subtilis, Marburg 168 (thy-try-2-), originally isolated by , was used.
Spore preparation. The procedure for spore preparation was the same as applied in the previous study (19) . Vegetative cells of the bacteria were incubated in liquid Schaeffer medium (17) for 22 hr at 37 C with vigorous shaking. Spores thus formed were collected and cleaned with lysozyme (EC 3.2.1.17), 1% sodium lauryl sulfate, and then washed with distilled water. The refractile appearance of the 558 Germination. Germination conditions were the same as applied in the previous study (19) . Demain medium (3) supplemented with 10 lAg of L-tryptophan per ml (complete Demain medium) was used throughout the germination experiments. Spores were suspended in the complete Demain medium and incubated at 37 C with shaking. Initiation of germination was observed by the decrease in turbidity of the spore suspension, using a Shimazu-Bausch and Lomb spectrometer (Spectronic 20). Morphological change was observed with a phase-contrast microscope at a magnification of 2,000.
Brij 58 treatment and assay of 3H-dTTP incorporation. Approximately 108 spores per ml were germinated in 10 ml of the complete Demain medium. Cells were collected and suspended in 0.9 ml of 0.i M potassium phosphate buffer (pH 7.5) containing 6.6 mm MgCl2. After 0.1 ml of 5% Brij 58 was added, the suspension was incubated for 15 min at 37 C. The cells were collected and resuspended in 0.5 ml of the same buffer. 3H-dTTP incorporation into Brij 58-treated cells was assayed by the method which was slightly modified from the method of Okazaki and Kornberg for the DNA polymerase assay (14) . The reaction mixture (total volume 0.5 ml) contained 20 Mmoles of tris(hydroxymethyl)aminomethane-hydrochloride buffer (pH 8.0), 2 Mmoles of MgCl2, 1 Mmole of s-mercaptoethanol, 200 nmoles of adenosine 5'-triphosphate (ATP), 14 nmoles of four dXTPs, 0.5 ,uCi of thymidine-methyl-3H 5'-triphosphate (13 Ci/ mmole; The Radiochemical Centre), and 0.2 ml of the cell suspension. The mixture was incubated at 37 C for 30 min and chilled. The product was precipitated by adding 0.6 ml of cold 10% trichloroacetic acid. Calf thymus DNA (0.1 ml of 1 mg/ml concentration) was added as carrier. The resulting acidinsoluble fraction was collected on a Whatman GF/C glass filter, washed five times with cold 5% trichloroacetic acid (total volume 30 ml), and dried. Radioactivity was measured by a scintillation counter.
Extraction and assay of DNA polymerase. The homogenate of germinated spores or vegetative cells was obtained by grinding and sonic treatment (19) . The homogenate was centrifuged at 10,000 rev/min for 10 min. The resulting supernatant fluid was used for the DNA polymerase assay (14) . The protein concentration in the supematant fluid was measured by the method of Lowry et al. (11) . DNA polymerase assay conditions were the same as the 3H-dTTP incorporation assay except that primer DNA was added to the reaction mixture and ATP was omitted.
Analysis of the product. Spores were germinated for 2 hr in the complete Demain medium and treated with Brij 58. After 3H-dTTP incorporation, cells (6 x 108) were incubated with 200Mgg of lysozyme per ml at 37 C for 15 min. Sodium lauryl sulfate (1%), NaOH (0.1 M), and 32P-labeled B. subtilis DNA were added to the suspension, which was then incubated at 60 C for 5 Deoxyribonuclease treatment and measurement of released radioactivity. DNA of spores was radioactively labeled by sporulating cells in the presence of 5 MCi of thymidine-methyl-3H per ml (5 Ci/mmole;
The Radiochemical Centre). The labeled spores were germinated for 3 hr with or without inhibitor and then treated with Brij 58. The treated spores were incubated at 37 C with 250 Ag of deoxyribonuclease I per ml (EC 3.1.4.5, Worthington Biochemical Corp.) in 0.1 M phosphate buffer containing 6.6 mm MgCl2 (pH 7.5). Samples were withdrawn at intervals and centrifuged for 15 min at 3,500 rev/min. Radioactivity in the supernatant fraction was measured by a scintillation counter.
Irradiation and measurement of 3H-dTTP incorporation. Spores were germinated in the presence of 100 ug of chloramphenicol per ml and then treated with Brij 58. The treated spores in a wetpacked state were irradiated with a 6 Mev electron beam from a linear accelerator. Irradiation procedure and dosimetry were described previously (18) . As the ultraviolet (UV) source, a 15-w germicidal lamp (National, peak wave length 253.7 nm) was used. The cell suspension (5 x 108 in 1 ml of 0.1 M phosphate buffer, pH 7.5, containing 6.6 mm MgCl2) in a petri dish (9 cm in diameter) was exposed to UV at a distance of 19 cm and a dose rate of 37 ergs per mm2 per sec. The spores were then incubated with 3H-dTTP in the incorporation system. Radioactivity incorporated into acid-insoluble material was measured by a scintillation counter.
RESULTS
3H-dTTP incorporation into Brij-treated vegetative cells. Spores of B. subtilis (thytrp-2-) were germinated in the complete Demain medium and further incubated to reach vegetative growth. The vegetative cells were treated with Brij 58. The treated cells were able to incorporate 3H-dTTP in the system described in Materials and Methods. The incorporation required four kinds of dXTP, but not absolutely, and was stimulated by ATP, but it was inhibited by inorganic pyrophosphate (PPi) or partially by p-chloromercuribenzoate (PCMB) as shown in Table 1 . PPi is known to inhibit the DNA polymerase reaction reversively (1), and PCMB is known to inhibit DNA replication (13) . These results are essentially the same as that first obtained by Ganesan (7) FUJITA, KOMANO, AND TANOOKA 3H-dTTP incorporation into Brij 58-treated spores after germination. After initiation of germination in the complete Demain medium, spores lost their refractile appearance, and the turbidity of the spore suspension reached the minimum after 60 min. After a latent period of approximately 2 hr, DNA synthesis was initiated as measured by the incorporation of 3H-thymidine. Cell division started 4 hr after the beginning of germination. At each interval in this germinationoutgrowth process, spores were taken from the germination culture, treated with Brij 58, and assayed for the 3H-dTTP incorporation activity.
The 3H-dTTP incorporation activity was low in Brij 58-treated spores as compared to the activity of treated veget4tive cells or germinated and treated spores ( Table 2 ). Figure 1 shows the change of the 3H-dTTP incorporation activity per 2 x 10I cells during spore germination. The incorporation activity started to increase around 1 hr after the start of germination. This timing is somewhat faster than that of thymidine incorporation (19) into germinating spores. The increasing activity reached a constant level when cells entered vegetative growth. Spores without Brij 58 treatment showed very little dTTP incorporation activity along the germination course (Fig. 1) . When 3H-dTTP was replaced by 3H-thymidine monophosphate, the same patt&en of incorporation was obtained (data not shown). On the other hand, the DNA polymerase activity in the extracts of germinating spores showed the same level as that of vegetative cell extracts throughout this germination period (Fig. 1) , as noted in the previous experiments (19) .
Effect of thioglycolic acid-urea treatment of dormant spores on 3H-dTTP incorporation. Dormant spores were treated with 10% thioglycolic acid (TGA), 8 M urea (8) , and successively with lysozyme to obtain osmotically sensitive spore spheroplasts (16) . TGA-urea treated spores and spore spheroplasts were further treated with Brij 58 and examined for 3H-dTTP incorporation. Neither of these spores showed 3H-dTTP incorporation activity ( Table 2 ). For spores germinated 120 min, the lysozyme treatment reduced the 3H-dTTP incorporation significantly.
Effect of inhibitors on 3H-dTTP incorporation. Chloramphenicol (CM) is known to inhibit the initiation of DNA synthesis in germinating spores, while not affecting the initial change in the spore coat (21) . When CM (100 ,ug/ml) was present from the start of germination, the 3H-dTTP incorporation after Brij 58 treatment remained at a low level without increase ( Fig. 2A) . When CM was added 180 min after the start of germination where the dTTP incorporation activity was already elevated, the dTTP incorporation rate gradually decreased ( Fig. 2A) .
Phenethyl alcohol (PEA) is known as an inhibitor of the initiation of DNA synthesis (10) . In the presence of 0.32% PEA, the initial step of spore germination was also inhibited as measured by the drop of turbidity. When PEA was added 20 min after the start of germination where the turbidity of spore suspension had already dropped, the increase of the 3H-dTTP incorporation after Brij 58 treatment was again inhibited (Fig. 2B) . When PEA was added at 180 min, the elevated activity of the dTTP incorporation gradually decreased thereafter.
3H-dTTP incorporation into DNA. To investigate whether or not 3H label was incorporated into DNA, the following experiment was performed. Spores were germinated for 2 hr and treated with Brij 58. After incubation of the above treated spores with 3H-dTTP, DNA was extracted and subjected to equilibrium centrifugation in neutral CsCl together with 32P-labeled DNA of vegetative B. subtilis. Figure 3 shows that 9H label coincided with 32P label, indicating that 9H-dTTP was incorporated into DNA of the spores and that the DNA had the same density as authentic B. subtilis DNA.
Proof that treated spores are permeable to dTTP. There is left a possibility that spores germinated in the presence of an inhibitor followed by Brij 58 treatment are impermeable to dTTP so that the observed absence of the dTTP incorporation was due to impermeability of the treated spores to dTTP. To examine this possibility, the following experiments were designed.
The DNA of spores was labeled with 9H-thymidine. Spores were germinated in the presence of CM, treated with Brij 58, and then subjected to the action of deoxyribonuclease I. The radioactivity was released from the spores into extracellular medium. The released radioactivity was the same in amount as that from spores germinated without CM. On these aspects, the effect of Brij 58 to spores germinated with or without CM was considered to be the same. This result indicates that deoxyribonuclease can enter the spores germinated in the presence of CM and treated with Brij 58, and that the digested DNA fragments can leak out through the membrane of the treated spores.
A more direct evidence for the permeability of the treated spores to dTTP was provided by the experiment using radiation. Spores were germinated in the presence of CM for 2 hr and then treated with Brij 58. The spores were then irradiated with electrons or UV. The irradiated spores were then incubated in the 3H-dTTP incorporation system. Figure 4 shows the incorporation of 3H-dTTP into acid-insoluble material in the electron-irradiated spores. The incorporation of 3H-dTTP increased with the electron dose. In the case of UV irradiation (total dose: 4,440 ergs/mm2), the spores showed the enhanced incorporation of dTTP by 560 pmoles per 2 
DISCUSSION
The dTTP incorporation activity of Brij 58-treated spores started to increase after the onset of germination. This activity was very low in dormant spores and could not be enhanced by chemical treatments that decomposed the outer coat of the spores (Table 2) . If the dTTP incorporation activity represents the DNA replication, the DNA replication machinery is not ready to operate in dormant spores until germination proceeds. On the other hand, DNA polymerase activity was already present in extracts of dormant spores and was maintained at a constant level throughout germination and outgrowth processes (Fig. 1) . The dTTP incorporation activity of the treated cells is therefore distinguishable from the DNA polymerase activity in cell extracts. It is expected that the replication and the repair functions are under separate controls by a cellular mechanism.
The sedimentation analysis of DNA extracted from cells incorporating 3H-dTTP for 2 hr after the start of germination shows that dTTP is in fact incorporated into DNA (Fig. 3) . Although it was not confirmed whether this incorporation is of semiconservative type or repair type, the DNA synthesis observed at this time appears to be of the semiconservative type.
To explain the mechanism of the increase of the dTTP incorporation activity, the following possibilities can be considered. (Fig. 2) .
When CM or PEA was added after the dTTP incorporation started to increase, the incorporation rate decreased gradually (Fig. 2) . This observation seems to indicate the inhibition of the initiator protein synthesis. This inhibitory effect of CM has been found in the 3H-thymidine incorporation into germinating spores of B. subtilis (21) and B. cereus (15) . It should be noted that the dTTP incorporation observed in the present experiment indicates the rate of the incorporation and not the total amount of dTTP incorporated. radiated with electrons and then examined for the 3H-dTTP incorporation activity. The amount of dTTP incorporated into acid-insoluble fraction per 5 x 106 cells was plotted against radiation dose.
To confirm the above results, it is vitally important to ensure that the substrate 3H-dTTP can reach the replication site inside the Brij 58-treated spores. The most direct evidence was provided by 3H-dTTP incorporation into spores that had been germinated in the presence of CM, treated with Brij 58, and then irradiated either with electrons (Fig. 4) or UV. The UV experiment is more relevant since UV induces less damage to the cellular membrane itself. The dTTP incorporation induced by the irradiation is considered to be due to the DNA repair synthesis and to provide evidence for the dTTP permeability of the Brij 58-treated spores. Indirect evidence for permeability was also provided by the fact that deoxyribonuclease can enter Brij 58-treated spores and that prelabeled DNA in spores was degraded and leaked out. The amount of radioactivity released from treated spores germinated in the presence of CM was the same as observed in the absence of CM.
The UV-induced dTTP incorporation indicates the presence of the excision-type DNA repair in spores germinated with CM, details of which will be discussed elsewhere. 
